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Single Polarization Optical Fiber Laser And Amplifier 

[0001] Parts of this invention were made with Government support under Agreement No. 
MDA972-02-3-004 awarded by DARPA. The Government may have certain rights in some 
of the claims of the invention. 

[0002] This patent application is related to patent application 60/479,892, filed June 19, 
2003 with attorney docket number SP03-088P and assigned to the same assignee. 

Background of the Invention 

Field of the Invention 

[0003] The present invention relates generally to optically active devices, and more 
particularly to a single polarization optical fiber laser or amplifier. 

Technical Background 

[0004] Rare-earth doped fiber lasers such as ytterbiimi-doped fiber lasers are finding uses in 
such areas as materials processing, product marking and engraving, and micromachining. 
Ytterbium-doped fiber lasers operating with high-power, narrow linewidth, and high pulse 
energy are being developed. The application space of fiber lasers would be broadened by the 
availability of additional operating wavelengths and even higher output powers. Each could 
be achieved through nonlinear wavelength conversion and the coherent combination of 
several fiber lasers, respectively. Linearly polarized output, required for many of these 
applications, has been studied to a lesser extent than other attributes of fiber lasers. 

[0005] Hence, it may be usefiil and even necessary in certain applications to have emission 
available that is linearly polarized in a stable direction of polarization for lasers and 
amplifiers. For linear or single polarization, it is desirable to obtain an optical polarizing 
(PZ) fiber which receives randomly elliptically polarized input light and provides output Ught 
polarized only along a single polarization. The polarization characteristic (single 
polarization) propagates one, and only one, of two orthogonally polarized polarizations while 



suppressing the other polarization by increasing its transmission loss. Such single 
polarization fibers generally have an azimuthal asymmetry of the refi-active index profile. 
Single polarization optical fibers are usefiil for ultra-high speed transmission systems or for 
use as a coupler fiber for use with and coxmection to optical components (lasers, EDFAs, 
optical instruments, interferometric sensors, gyroscopes, etc.). Single polarization or linearly 
polarized lasers can be used to obtain an emission of a linearly polarized transversal 
monomode light wave usefiil in a large variety of fields. These fields include 
telecommunications, optical transmission, instrumentation, spectroscopy, medicine, the 
detection of chemical species and telemetry. Similarly, a linearly polarized fiber amplifier 
(LPFA), instead of a conventional Erbium Doped Fiber Amplifier (EDFA), when all or a 
portion of the PZ fiber doped with a rare-earth dopant is optically pumped, has significantly 
higher gain for one linear polarization state than for the orthogonal state for use with fiber- 
optic gyroscopes, interferometric fiber sensors, nonlinear firequency conversion, polarization 
multiplexing, and most designs of phase or amplitude modulators, as some more specific 
examples. By having such polarized fiber lasers or amplifiers, increased scaling power is 
achievable by employing known polarization beam multiplexing (PBM) to combine two 
beams into a single output having difTerent polarization modes as long as they are 
orthogonally polarized. 

[0006] Slight improvement in the polarization performance of single mode optical 
waveguides has been achieved by elongating or distorting the fiber core symmetry as a means 
of decoupling the differently polarized waves. However, the noncircular geometry and the 
associated stress-induced birefiingence alone are, generally, not sufficient to maintain the 
desired single polarization for use as an improved fiber laser or fiber amplifier or their 
polarization beam multiplexing for improved power scaling. 

[0007] It has, therefore, been an area of ongoing development to obtain a fiber laser or fiber 
amphfier providing single polarization that is maintainable and sufficient for power scaling 
through PBM. 

[0008] Furthermore, linear single-polarization (SP) fiber laser oscillators or amplifiers that 
are robust and stable to external perturbations are required. By robust and stable it is meant 
devices that maintain single-linear polarization. 



[0009] There is also a need to make SP fiber laser oscillators or amplifiers with large 
effective area for high power appUcations in order to avoid non-linear effects such as Raman 
and Brilluoin scattering. 

[0010] There is also need to have stable linear SP fiber oscillators and amplifiers for optical 
power scalability using coherent-beam combination techniques. 

[0011] Finally, SP fiber laser oscillators and or amplifiers are needed in order to avoid -at 
high output powers- temporal instabilities caused by non-linear coupling of co-propagating 
orthogonal polarization modes. 

Summary of the Invention 

Definitions ; 

[0012] The following definitions and terminology are commonly used in the art. 

[0013] Refractive index profile - the refi-active index profile is the relationship between the 
refiractive index (A%) and the optical fiber radius (as measured fi-om the centerline of the 
optical fiber) over a selected segment of the fiber. 

[0014] Radii - the radii of the segments of the fiber are generally defined in terms of points 
where the index of refi-action of the material used talces on a different composition. For 
example, the central core has an inner radius of zero because the first point of the segment is 
on the centerline. The outer radius of the central core segment is the radius drawn fi-om the 
waveguide centerline to the last point of the refi-active index of the central core having a 
positive delta. For a segment having a first point away fi-om the centerline, the radius of the 
waveguide centerline to the location of its first refractive index point is the inner radius of 
that segment. Likewise, the radius from the waveguide to centerline to the location of the last 
refractive index point of the segment is the outer radius of that segment. For example, an 
down-doped annular segment surroimding the central core would have an outer radii located 
at the interface between the annular segment and the cladding. 

[0015] Relative refractive index percent A% - the term A% represents a relative measure of 
refractive index defined by the equation: 



A% = lOOx (n/ - / 2nf 
where A% is the maximum refractive index of the index profile segment denoted as i, and n^, 
the reference refractive index, is taken to be the refractive index of the cladding layer. Every 
point in the segment has an associated relative index measured relative to the cladding. 

[0016] Alpha-profile - the term alpha-profile refers to a refractive index profile of the core 
expressed in terms of A(b)% where b is the radius, and which follows the equation: 

A(6)% = [A(^)J(l-[o*-fe,a/(fe, -b^r^x 100, 
where b^ is the maximum point of the profile of the core and b^ is the point at which A(6)% is 
zero and b is the range of b, is the range of b. less than or equal to b less than or equal to £y , 
where A% is defined above, 6. is the initial point of the alpha-profile, b^ is the final point of 
the alpha-profile, and alpha is an exponent which is a real number. The initial and final 
points of the alpha profile are selected and enter into the computer model. As used herein, if 
an alpha-profile is preceded by a step index profile, the beginning point of the a-profile is the 
intersection of the a-profile and the step profile. In the model, in order to bring out a smooth 
joining of the a-profile with the profile of the adjacent profile segment, the equation is 
written as: 

A(6)% = [ A(6, ) -h [ A(6o ) - A(fe, )] {1 - [afc - b^a l{b, - b, )]^ } ]1 00 , 
where b^ is the first point of the adjacent segment. 

[0017] In accordance with embodiments of the present invention, a linearly birefiingent and 
linearly dichroic optical waveguide is first designed and/or measured to determine the single 
polarization wavelength range. Then the linearly birefiingent and linearly dichroic optical 
waveguide is doped with active dopants in the core for providing operation of the waveguide 
in an operating wavelength range for overlapping with the single polarization wavelength 
range. 

[0018] Preferably, air or vacuimi filled holes are positioned close to an elliptical core of the 
linearly birefiingent and linearly dichroic optical waveguide such that the waveguide exhibits 
a differential polarization dependent loss (PDL) greater than 70dB in the wavelength band of 
single polarization operation. The optically-active linearly birefiingent and linearly dichroic 
optical waveguide, thus formed in accordance with the invention finds excellent utility in a 



single linear polarization system including an optical component optically coupled to the 
optically-active linearly birefringent and linearly dichroic optical waveguide. 

[0019] Additional features and advantages of the invention will be set forth in the detail 
description which follows, and in part will be readily apparent to those skilled in the art from 
that description or recognized by practicing the invention as described herein, including the 
detailed description which follows, the claims, as well as the appended drawings. 

Brief Description of the Drawings 

[0020] FIG. 1 is a schematic view of a system including a single polarization optically active 
optical fiber being optically coupled to an optical component, such as an active pumping 
source 42, for use as a fiber laser, or used as the active pumping source 42 itself for use as an 
amplifier, in accordance with the present invention. 

[0021] FIG. 2 is a cross-sectional view of a first embodiment of the single polarization 
optically active optical fiber 30 of FIG. 1 in accordance with the present invention. 

[0022] FIG. 3 is a diagram of the refiractive index profile of the first embodiment taken along 
the axis X-X of FIG. 2, in accordance with the present invention. 

[0023] FIG. 4 is a diagram of the refractive index profile of the first embodiment taken along 
the axis Y-Y of FIG. 2, in accordance with the present invention. 

[0024] FIG. 5 is an enlarged partial cross-sectional view of the first embodiment of the single 
polarization optical fiber in accordance with the present invention. 

[0025] FIG. 6 is a plot illustrating a representative wavelength band of single polarization of 
an embodiment of the single polarization optical fiber 30 aligned with a plot illustrating a 
representative grating filter bandwidth of the input mirror 60 centered with the cutoff 
wavelength of the second polarization 50 within the gain bandwidth 650 of the single 
polarization optical fiber 30, operated as a laser of FIG. 1, in accordance with the invention. 



[0026] FIG. 7 is a cross-sectional view of a second embodiment of the single polarization 
optical fiber 30 of FIG. 1 in accordance with embodiments of the present invention. 

[0027] FIG. 8 is a cross-sectional view of a third embodiment of the single polarization 
optical fiber 30 of FIG. 1 in accordance with embodiments of the present invention. 

[0028] FIGS. 9-11 are schematic views of systems including the single polarization optically 
active optical fiber 30 in accordance with embodiments of the present invention being 
optically coupled to an optical component. 

[0029] FIG. 12 is a schematic view of a laser cavity including an undoped version of the 
single polarization optical fiber 30' with a doped elliptical core of a fiber section to form an 
optically active linearly birefiingent and linearly dichroic fiber in accordance with another 
embodiment of the present invention being optically coupled to an optical component. 

[0030] FIG. 13 is a graph of the extinction ratio as a Amotion of length for the single 
polarization fiber 30' of FIG. 12, in accordance with the invention, 

[0031] FIG. 14 is a graph of the output spectra for orthogonally polarized axes for the laser of 
FIG. 12, in accordance with the invention. 

[0032] FIG. 15 is a graph of the fimdamental mode cutoff spectra for each polarization of the 
single polarization fiber 30' of FIG. 12, in accordance with the invention. 

[0033] FIG. 16 is a graph of the fimdamental mode cutoff spectra for each polarization of the 
single polarization fiber 30' of FIG, 15, as a function of length, in accordance with the 
invention. 



Detailed Description of the Preferred Embodiments 

[0034] For purposes of the description herein, it is to be understood that the invention may 
assume various alternative configurations, except where expressly specified to the contrary. 
It is also to be imderstood that the specific fibers illustrated in the attached drawings, and 
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described in the following specification are exemplary embodiments of the inventive 
concepts defined in the appended claims. Hence, specific dimensions and other physical 
characteristics relating to the embodiments disclosed herein are not to be considered as 
limiting unless the claims expressly state otherwise. Like fimctions of similar elements will 
be referenced by the same numbers. 

[0035] Referring to FIG. 6, wavelength spectrum of an optically active linear single 
polarization device, in accordance with the teachings of the present invention is shown. A 
linearly birefiingent and linearly dichroic optical waveguide, such as a fiber 30 of FIG. 1, or 
an undoped single polarization fiber 30' fiised with a doped elliptical core in a fiber section 
20 of FIG. 12, propagates light having polarization components along a first linear 
polarization characteristic mode 45 and along a second linear polarization characteristic mode 
50 with a sufficient differential polarization dependent loss (PDL is approximately greater 
than 3dB) between the first and second modes accumulated over a sufficiently long 
waveguide length such that the first polarization mode has a first attenuation of 3dB at a furst 
cut-off wavelength 601 and the second polarization has a second attenuation of 3dB at a 
second cut-off wavelength 602 to provide a single polarization wavelength range 48 having a 
single polarization center wavelength between the first and second cut-off wavelengths such 
that the first cut-off wavelength is less than the second cut-off wavelength. 

[0036] A plurality of active dopants 90, as seen in FIG. 1, are disposed in a portion 34 of the 
linearly birefiingent and linearly dichroic optical waveguide 30 for providing operation of the 
waveguide in an operating wavelength range 650 having a center operating wavelength 
wherein the single polarization wavelength center wavelength is sufficiently close to the 
center operating wavelength such that the operating wavelength range overlaps the single 
polarization wavelength range 48. Even though the single polarization wavelength range 48 
is shown narrower for the specific application of a Yb-doped fiber laser where gain 650 of 
FIG. 6 occxirs fi-om 1020 to llOOnm, in general the operating wavelength range 650 can be 
broader or narrower than the single polarization wavelength range 48. Ideally, the center 
wavelength of the operating wavelength range 650 should be coincident with the center 
wavelength of the single polarization wavelength range 48, however, the center wavelengths 
can be sufficiently close to each other that these two wavelength ranges 650 and 48 overlaps 
at least at the operating wavelength of an output signal 66 of FIG. 1 of the optically active 
linear single polarization device. Hence, the optically active linear single polarization device 
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is forced by waveguide design parameters to oscillate or amplify within the single 
polarization wavelength range 48. 

[00371 As used here, the term "linearly birefringent" means that the two principal states of 
propagation of the medium in question are linearly polarized and that such two linear states 
of polarization have different effective real part (refractive index) of the propagation 
constants. The additional limitation of "linearly dichroic" means that the states of 
polarization also have different imaginary part (loss) of the propagation constant. 

[0038] Propagation constant is the logarithmic rate of change, with respect to distance in a 
given direction, of the complex amplitude of any field component for an electromagnetic 
field mode varying sinusoidally with time at a given frequency. The real part of the axial 
propagation constant for a particular mode is called the attenuation constant. The attenuation 
coefficient for the mode power is twice the attenuation constant. 

[0039] Polarization in general is defined with respect to light radiation, and describes the 
restriction of the vibrations of the magnetic or electric field vector to a single plane. In a 
beam of electromagnetic radiation, the polarization direction is the direction of the electric 
field vector (with no distinction between positive and negative as the field oscillates back and 
forth). Near some given stationary point in space the polarization direction in the beam can 
vary at random (unpolarized beam), can remain constant (plane-polarized or linearly 
polarized beam), or can have two coherent plane-polarized elements whose polarization 
directions make a right angle. In the linear polarization case, a light beam whose electric 
vectors all vibrate in a single fixed plane. In the two coherent plane-polarized case, 
depending on the amplitude of the two waves and their relative phase, the combined electric 
vector traces out an elUpse and the wave is said to be elliptically polarized. Elliptical and 
plane polarizations can be converted into each other by means of birefringent optical systems. 

[0040] Birefiingence in general refers to the separation of a Ught beam, as it penetrates a 
doubly refi:^cting object, into two diverging beams, commonly known as ordinary and 
extraordinary beams, along the fast and slow axis. 

[0041] Dichroism is defined with reference to anisotropic materials, as the selective 
absorption of light rays that vibrate in one particular plane relative to the propagation axes of 
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the waveguide. Those rays that vibrate in a plane at right angles thereto are not absorbed. 
Anisotropic describes a substance that exhibits different properties along different axes of 
propagation or for different polarizations of a traveling wave. 

[0042] Polarization dependent loss (PDL) then is the loss in the linearly birefringent and 
linearly dichroic waveguide that varies as the polarization state of the propagating wave 
changes in the waveguide and is expressed as the difference between the maximum and 
minimiun loss in decibels. 

[0043] "Highly birefringent", "polarization preserving", "polarizing fiber" (PZ) or 
"polarization asymmetric" refer to a polarization maintaining (PM) fiber which is a subset of 
"hnearly birefringent and linearly dichroic" waveguides. In general any highly birefringent 
fiber is also polarization maintaining. For linear birefringence one measures the so called 
"beat length" of the fiber and for linear-dichroism one measures the PDL of the fiber. 

[0044] Highly birefiingent is another name for polarization maintaining or polarization 
preserving. In a birefiingent material, the index of refraction varies with the direction of 
vibration of a lightwave. That direction having a low refractive index is the fast axis; at right 
angles to it is the slow axis, with a high index of refraction. A polarization preserving or 
maintaining (PM) fiber is defined as a single-mode fiber that preserves the plane of 
polarization of the light launched into it as the beam propagates through its length. The 
polarization is maintained by introducing polarization asynmietry in the fiber structure, either 
in its shape (geometrical birefringence) or in its internal stresses (stress-induced 
birefringence). Because of this asymmetry, the two perpendicularly polarized modes 
transmitted by the fiber have different propagation constants, reducing cross-coupling 
between them as compared with conventional single-mode fiber. In polarization-preserving 
or polarization-maintaining optical fibers, the element used to induce birefiingence is called 
the stress-applying-part (SAP). The SAP is highly doped to provide a different coefficient of 
expansion from the rest of the fiber material; when the drawn fiber cools, the SAP causes a 
residual stress that limits cross coupling between the two perpendicularly polarized modes 
transmitted by the fiber. The SAP can be configured as an elliptical or rectangular cladding 
siuTOunding the fiber core, or pairs of S APs may be placed on either side of the core. 



[0045] Hence, the PM or PZ fiber has to have sufficient polarization dependent loss (PDL) 
over the single polarization wavelength range or window 48 to be considered an acceptable 
linearly birefiingent and linearly dichroic waveguide such that the loss of the second 
polarization mode 50 is zero, and the loss or attenuation of the first mode 45 is 3dB at the 
first cut-off wavelength. The loss of the second mode 50 is 3dB at a wavelength denoted as 
the second cut-off wavelength. For wavelengths in the range 48 between the first and second 
cut-off wavelengths, the first mode experiences a loss substantially larger than 3dB, whereas 
the second mode 50 experiences a loss less than 3 dB. The wavelength range 48 is called the 
single polarization wavelength window. 

[0046] In accordance with the teachings of the present invention, by designing the waveguide 
parameters of such a linearly birefiingent and linearly dichroic waveguide, as represented by 
the fiber 30, for operation in an operating wavelength range 650 that coincides or otherwise 
overlaps the single polarization range 48, a linear single polarization device results. Single- 
polarization should be understood as linear single-polarization everywhere in the present 
invention and PZ or PM fiber shall mean both Unearly birefiingent and linearly dichroic 
going forward when referring to the fiber 30 for simplicity. 

[0047] A doubly clad or dual clad fiber is an optical fiber that exhibits wide transmission 
bandwidth and low bending loss to reduction of guided modes as a result of the high- 
refi-active index external cladding and the tight confinement within the core regions. As one 
possible embodiment, a double clad linearly birefiingent and linearly dichroic fiber can be 
used to form the linear single polarization device. 

[0048] The linear single polarization device that results is an optically active linearly 
birefiingent and linearly dichroic fiber itself, or its incorporation into a laser or an amplifier, 
as the most common applications of brightness conversion. 

[0049] As is known, LASER is the acronym of light ampUfication by stimulated emission of 
radiation. A laser is a cavity, with plane or spherical mirrors at the ends, that is filled with 
lasable material. This is any material — crystal, glass, liquid, dye or gas — the atoms of which 
are capable of being excited to a semistable state by Ught or an electric discharge. The light 
emitted by an atom as it drops back to the groimd state releases other nearby, excited atoms, 
the light being thus continually increased in intensity as it oscillates between the mirrors. If 
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one mirror is made to transmit 1 or 2 percent of the light, a brilliant beam of highly 
monochromatic, coherent radiation is emitted through the mirror. If plane mirrors are used, 
the beam is highly coUimated. With concave mirrors, the beam appears to emerge from a 
point source near one end of the cavity. 

[0050] Optical pumping is the process whereby the nimiber of atoms or atomic systems in a 
set of energy levels is changed by the absorption of light that falls on the material. This 
process raises the atoms to specific higher energy levels and may result in a population 
inversion between certain intermediate levels. Within a laser, the material that emits coherent 
radiation as a result of stimulated electronic or molecular transitions to lower energy state is 
called the lasing medium or active laser medivun. 

[0051] Fluorescence is the emission of light or other electromagnetic radiation of longer 
wavelengths by a substance as a result of the absorption of some other radiation of shorter 
wavelengths, provided the emission continues only as long as the stimulus producing it is 
maintained. Li other words, fluorescence is the luminescence that persists for less than about 
10'^ s after excitation. 

[0052] A fiber laser is a laser in which the lasing medium is an optical fiber doped with low 
levels of rare-earth halides to make it capable of amplifying light. Output is tunable over a 
broad range and can be broadband. Laser diodes can be used for pumping because of the fiber 
laser's low threshold power, eliminating the need for cooling. 

[0053] When a singly-clad or doubly-clad linearly birefringent and linearly dichroic fiber is 
optically pumped in one possible embodiment of the fiber laser, the emission of light or other 
electromagnetic radiation of longer wavelengths in the operating wavelength range 650 by 
fluorescence, as a result of the absorption of some other radiation of shorter wavelengths 
from the optically-active dopant, can be used to form a singly-clad or a dual-clad linear single 
polarization fiber laser or amplifier. 

[0054] The operating wavelength range 650 in FIG. 6 is called the gain curve or gain 
bandwidth for a laser or an amplification curve for an amplifier. In general, gain or 
amplification is the increase in a signal that is transmitted from one point to another through 
an amplifier. The material that exhibits gain rather than absorption, at certain frequencies for 
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a signal passing through it, is known as an active medixim. The active medium, in both 
ampUfiers and lasers, is the medium in which stimulated emission rather than absorption of 
light probably will take place at a given operating wavelength. The mediimi must have a 
condition known as population inversion; that is, at least one quantum transition for which 
the energy level is more densely populated than the lower state. 

[0055] Hence, a singly-clad or doubly-clad linearly birefringent and linearly dichroic fiber 30 
could have an elliptical core and be doped with Er ions 90 of FIG. 1 and designed to operate 
in the single polarization wavelength range 48 of the amplifier to form a single-polarization 
Er-doped fiber amplifier. Even though the single polarization wavelength range 48 and 
overlapping operating wavelength range or gain bandwidth 650 are shown with specific 
wavelengths for the Yb fiber laser, it is appreciated that these ranges can be applied across 
other operating and overlapping single polarization wavelength ranges. Specifically, the 
single polarization fiber laser can be implemented as a 3-level laser, a 4-level laser, or even 
an in-band quasi-three level laser for eye-safe operation in the 1.5 micron spectrum with an 
Er dopant. For 1060 tolOSOnm 4-level Yb lasing, either pumps at about 920nm or 980nm 
can be used. 

[0056] The singly-clad or doubly-clad linearly birefiingent and linearly dichroic optical fiber 
30 would be used to amplify an optical input in the operating wavelength range 650. The 
erbiimi rare earth ions 90 of FIG. 1 are added to the fiber core material as a dopant in typical 
levels of a few hundred parts per million. The fiber would then be highly transparent at the 
erbium lasing wavelength of two to nine microns. When optically pumped by a laser diode, 
optical gain is created, and amplification occurs in the operating wavelength range. 

[0057] Even though single clad or dual clad-pumped fiber lasers or amplifiers, whether for 
the usual four-level transition or the more complicated three-level transition are known, a 
linear single polarization dual-clad fiber laser or amplifier was not known, xmtil the present 
invention. 

[0058] All dual-clad fiber lasers have the property that piunp light propagating in the inner- 
cladding, which is linearly polarized at launch, rapidly depolarizes upon a few meters of 
propagation. This makes it impossible to have single-polarization oscillation by pump- 
induced polarization-dependent gain. Thus means for introducing PDL are needed. 
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Increasing the doping level (i.e. increasing the fiber core refractive-index delta) only 
increases the single-polarization window, not the polarization dependent loss (PDL) of the 
fiber. What is needed is high birefringence and asymmetry, which in a dual-hole fiber of 
FIG. 2 comes from the elliptical core shape and the hole or aperture positioning. In other 
designs it may come from an asymmetric depressed cladding, for example. 

[0059] Referring to FIG. 1, the optically-active fiber, brightness converter, fiber amplifier, 
fiber laser, dielectric waveguide laser or amplifier of the present invention is shown in FIG. 1 
and is generally described and depicted herein with reference to several exemplary or 
representative embodiments with the same nxmibers referenced to the same or fimctionally 
similar parts. In general, a double-clad structure that could be used as a fiber laser or as an 
amplifier includes two claddings 32 and 36. A first (inner) multi-mode clad 32 acts as a 
multi-mode pumping core. The first cladding or clad 32 is adjacent to a single mode core 34, 
and a second clad 36 siurounds the first clad 32. The first multi-mode clad or inner cladding 
32 serves as a waveguide with a high numerical aperture (NAciad), preferably within a range 
of about 0.2 to 0.5, inclusive, for the input pumping light 64 coupled by optional optics, such 
as a lens 70 from an active pimiping source 72. It is known that a duplicate fiber laser could 
serve directly as the pumping source 72 to form an ampHfier without the lens 70 because the 
fibers would be efficiently mode-matched with their similar dimensions. 

[0060] The cross-section of the first multi-mode clad (Ddad is the longer dimension A' of the 
inner cladding as seen in FIG. 3) may be designed to have a desired shape, e.g., matched to 
the near field shape of the pump source 72 (Diaser is the size of the broad-area laser light 
emitting aperture 42) or any other scheme or shape which increases coupling efficiency of the 
pxmip beam 64. The numerical aperture (NAciad) between the first and second clad layers 
must be large enough to captiu-e the output 64 of the pump laser diode 72. The actual 
increase in brightness realized depends on the clad to core ratio (CCR) of the pxraip cladding 
area to the core area, with the higher the ratio (CCR), the greater the brightness increase. 
However, this disparity in area between the core and cladding cross-sections necessitates a 
long device length, since the absorption of the pump radiation is inversely proportional to this 
ratio (CCR). Conventionally high ratio (CCR) of pimip cladding area to core area renders 
achieving a high level of inversion difficult for 3-level lasing but not much an obstacle for 4- 
level lasing, because in general the higher the ratio (CCR), the lower the level of inversion 
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that can be achieved with a given pump power. Hence, pump absorption and inversion are 
related. 

[0061] Using rare-earth elements, such as Er, Yb or Nd as the dopant 90 in the core 34 of the 
double-clad fiber amplifier/laser with high clad to core ratio (CCR) is thus problematic. Even 
with the very high power available fi-om a diode laser bar, it is very difficult to reach the high 
level of inversion necessary for the operation of a 3-level system for lasers or amplifiers. 

[0062] Three-level transitions require a high inversion of >50% in order to experience gain. 
Quasi-three-level transitions require lower, but significant inversion levels as compared to 
four-level lasers, which experience gain for infinitesimally small inversion. Ytterbium and 
neodymium ions (Yb^^ and Nd^^) provide a three-level lasing system at aroimd 980nm and a 
quasi-three-level lasing system at around 940nm, respectively. In a three-level system, lasing 
occurs fi-om an excited level to either the groimd state or a state separated fi-om it by no more 
than a few kT (that is, thermally mixed at operating temperature). As a result, an impimiped 
doped core strongly absorbs at the laser wavelength, and the lasing power threshold can 
become a problem because of insufficient population inversion. 

[0063] In the competing and higher-gain four-level-transition case, for example, at about 
1060 nm for neodymium (Nd), the doped core is still transparent at the laser signal 
wavelength when not being pimiped. As a result, the power threshold for lasing depends 
essentially on the dimensions of the doped core and the inner cladding of a double-clad fiber 
structiure, and the background loss in the double-clad fiber over the pump absorption length, 

[0064] Likewise, even though Yb^^ ions exhibit gain in a narrow 6nm-wide pure three-level 
transition at 976-978 nm to show much promise of ytterbixrai as a pimip for high-powered 
EDFAs, an efficient Yb 976 nm fiber laser has not been realized yet because of Yb's other 
competing and higher gain transition that peaks at about 1030nm (but extends as far as 11 20 
nm), which is a broad quasi-four-level transition that requires a population inversion of only a 
few percent for transparency. Hence, the reason 980nm (or close to 976nm) lasing is difficult 
to achieve is because a high inversion level is required (>50%) for the 976nm transition 
which means that the power laser threshold is also high. Furthermore, sufficient inversion is 
hard to achieve at about 976nm because the competing quasi-four-level transition at about 
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1015-1030mn for Yb produces the amplified spontaneous emission (ASE), which saturates 
the inversion. 

[0065] The inversion problem stems fi-om the relationship between the gains in the two 
competing transitions and the pump absorption for Yb. As a representative example, the 
gains at the two wavelengths in a Yb-doped germano-alumino-silicate glass (assuming 
homogeneous broadening) are related by the equation: 

G,o3o = + 0,74a^ ^ (1) 

^ p 

where G1030 and G976 are the gains at 1030nm and 976nm, respectively, ap is the partially- 
bleached pump absorption in decibels (dB), and Ts and Tp are the respective overlap factors 
of the signal mode and pump mode with the dopant profile. 

[0066] Similar relationships with different coefficients will hold for other hosts, such as 
antimony silicate glass. As is known, double-clad fibers allow coupling firom diode bars and 
other similar active stmctures. However, this is conventionally accompUshed by a greatly- 
reduced pump overlap with the doping profile relative to the signal overlap, since the doping 
needs to be confined in or close to the signal core in order to obtain sufficient optical gain for 
the core mode at the signal wavelength. Typically, the core is uniformly doped, and the area 
ratio (CCR) between the pump waveguide and the signal core is on the order of 100:1 for 
conventional double-clad fiber lasers. As a result, rs=l and rp<0.01. Using these values in 
Equation (1), each IdB of pimip absorption produces about 20dB of gain at 1030nm. 
Similarly, for an overlap ratio of Ts/Tp = 50, each dB of pump absorption would result in the 
gain at 1040 nm growing by as much as 36 dB. 

[0067] Inevitably, the higher gain of competing transitions leads to a high level of amplified 
spontaneous emission (ASE), which saturates the inversion. Even with wealc pimiping, ASE 
at 1030nm will saturate the ampUfier and deplete or otherwise prevent a buildup of the 
population inversion necessary for lasing at 976nm. In fact, even without an optical cavity, 
lasing at the longer four-level wavelength is possible firom just the backscattering. Hence, 
high pump absorption will favor gain at 1030nm or longer even if the laser mirrors, defining 
the cavity, are tailored to 976nm. 
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[0068] Thus, in quasi-three-level or three-level cladding-pumped fiber lasers, poor overlap of 
the pump power spatial distribution with the doped area results in a much higher gain of 
competing four-level laser transitions that require relatively low inversion levels (<5%). It is 
therefore necessary to suppress the gain of these competing transitions in order to achieve the 
desired three-level or quasi-three level oscillation at the inversion level required. 

[0069] Because making the fiber length long enough for a fixed pump power is equivalent to 
decreasing the average inversion, one prior approach intentionally made the fiber laser length 
short enough to avoid lasing at the quasi-four level transition at about 1030nm but to 
preferentially lase instead at 980rmi. However, a short fiber laser is inefficient. 

[0070] In accordance with the teachings of the present invention, in the specific case of an 
Yb 3 -level transition at 980nm, Equation (1) can be used to estimate the desired overlap ratio 
of Ts and Tp which is closely related to the area ratio (CCR) of the inner cladding area over 
the core area (Aciad/Acore). For Yb, given that an absorption of at least 6 dB of pump is 
desired, and the inability to suppress more than forty extra dB of gain at the competing quasi- 
four-level transition at lOBOnm, then using Equation (1), the desired Aciad/Acore can be 
calculated. For the preferred silicate host glass the desired clad-to-core ratio (Aciad/Acore) is 
thus foxmd to be less than eight for an Yb double-clad fiber laser. 

[0071] Hence, for making a single polarization fiber laser or the amplifier, an optically active 
polarizing (PZ) fiber 30 is specially designed for optimum double-clad three or four level 
lasing single polarization operation. For the more difficult three-level design, the double-clad 
structured active fiber 30 has the doped central part or core 34, doped with an optically 
excitable ion 90 having a three-level transition or any other type of ion requiring a high level 
of inversion. The core 34 has a core refi-active index (ncore) and a core cross-sectional area. 
The cross-sectional area can be calculated fi-om the dimensions A and B of the core 34. The 
inner cladding 32 surrounds the core 34 and has an inner cladding refi-active index (ninnerciad), 
less than the core refi-active index, an inner cladding cross-sectional area between 2 and 25 
times greater than that of the core cross-sectional area (2<CCR<25), and an aspect ratio 
greater than 1.5:1. This preferred design and dimensions of the double-clad active fiber 30, 
allows strong pump absorption, greater than 6 dB, while suppressing long wavelength ASE. 
The inner cladding cross-sectional area can be calculated fi*om the dimensions of the irmer 
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cladding, which includes a longer dimension A', as taught by the present invention and can 
be exemplified by FIG. 3. 

[0072] Referring back to FIG. 2, the outer cladding 36 surrounds the inner cladding 32 and 
has an outer cladding refractive index less than the inner cladding refractive index. 

[0073] An example of an Yb fiber laser, using the fiber 30, for operation at 1060nm would be 
a simpler implementation of a quasi 4-level laser then the more complicated 3-level laser. In 
contrast to operating as a 3-level laser, when operating as a four-level laser, there should be 
no restrictions at all on the inner clad to core area ratio (CCR). 

[0074] However, for the more difficult use of the active PZ fiber 30 with the optically 
excitable ion Yb having a three-level transition, cavity and fiber optimizations have to be 
implemented. On the piunped end of the active fiber 30, a 100% signal reflective and pump 
transparent mirror 60 is placed. Signal reflection of about 4% is provided on the output end, 
with an optional output mirror 62. Neglecting waveguide loss, g976 = 7 dB. It is desired to 
absorb at least 6 dB of pump power, but not more than 40 dB of 1040 nm gain can be 
suppressed by wavelength selective feedback. After substituting these values into Equation 
(1), the preferred clad-to-core area ratio or overlap ratio of Fs/Tp can be found, and a 
maximum ratio of 7.6 is foimd for the rare-earth dopant Yb for use in an Yb fiber laser at 
980nm. 

[0075] The optically excitable ion 90 could be one or more of the transitional metals, such as 
chromium, in addition to being one of the rare-earth elements. If an element such as Ge, P, 
or B is used to provide Raman gain in a fiber, then the optically excitable ion is any suitable 
rare-earth element for use as a double-clad fiber laser for pumping the fiber with Raman gain. 

[0076] In general, the active fiber 30 can be used as an amplifier or fiber laser. For all rare- 
earth dopants 90 as the optically excitable ions, such as Er, Nd, Tm, and Yb, especially those 
requiring a high level of inversion, the present invention teaches a maximum allowable inner 
cladding area for the double-clad stmcture. Generally, given the pump absorption cross- 
section (aap), the metastable level lifetime (x) and the desired level of average inversion ( n2), 
and the available pump power from any type of a laser diode such that assuming a particular 
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power absorption, input and output (unabsorbed) pump power values can be estimated as Pin 
and Poub respectively, the maximum permissible cross-sectional cladding area can be found 
using the following equation, as taught by the present invention for any rare-earth and host 
material system: 

where hv is the pump photon energy. 



[0077] Despite all the differences between ions and host materials. Equation (2) is 
universally applicable, and especially sxiited for amplifiers operating well below saturation. In 
the classical case of the active fiber 30 used as a conventional or C-band silica-glass Er- 
doped ampUfier (EDFA) operating at 1530-1565nm, Aciad < 780 um^ is taught by the present 
invention by substituting corresponding values in Equation (2). Hence, in general, it is not 
the clad-to-core ratio (CCR), but the absolute size of the inner cladding that is most critical 
for efficient laser or amplifier operation. Accordingly, the core 34 can be any size that fits 
inside the inner cladding 32. However, it is preferable that the core 34 is similar in size and 
NA to standard single-mode fibers 20, which would facilitate coupling to the output fiber 20 
for the laser or amplifier. With the typical single-mode core radius of 3 to 4 um, a clad-to- 
core area ratio CCR (Aciad/Acore) of 10:1 to 20:1 for the C-band Er case can be derived. 



[0078] In this example, the double-clad fiber amplifier is based on silica glass codoped with 
Ge and Al (type II) and pumped at 980 nm (aap=2.55xlO'^^ m^ t=8 ms, hv=2.03xl0'*^ J). A 
single 2W laser diode is used to pimip the amplifier. Given this 2W available power of the 
laser diode, 80% of the available power (?{„=! 600 mW) is coupled into the iimer cladding. 
No more than half of that power escapes on the other end (Pout=800 mW) given the desired 
power efficiency of the fiber amphfier. For type II C-band ampUfiers, an average inversion 
( n2 ) of ~ 0.6 is needed to achieve a minimal gain "ripple" (gain variation within a usefiil 
ampUfication band). Substituting these values into Equation (2), the cross-sectional area of 
the inner cladding is found: Aciad « 780 \m^. What this means is that for an inner cladding 
cross-sectional area larger than 780 square microns, an average inversion of 0.6 will not be 
achievable imless a more powerful pump laser (more available power than 2W) is used. In 
practice, passive losses will limit the useable size of the inner cladding to even lower values, 
of an order of 500 jim^ or less. 
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[0079] Using a typical core radius of a = 3 jim, the clad-to-core area ratio CCR is Aciad/Acore = 
500/ (71-3^) w 18, which is well below values recommended in prior references or ever 
reported for working double-clad lasers and ampUfiers. 

[0080] Hence, for a C-band Er-doped double clad amphfier pumped with a 2 W 980 nm 
broad-area laser diode, recommended values, in accordance with the teachings of the present 
invention, for the clad-to-core area ratio are 10:1 to 20:1, but in any case, the cross-sectional 
area of the inner cladding should not exceed 500 |im^. If the available power is doubled in 
the laser diode as in a 4 W pump diode, recommended values are then also doubled such that 
the clad-to-core area ratio range is now 20:1 to 40:1 and the inner cladding area is now less 
than 1000 pm^. 

[0081] For amplification in a long wavelength or L-band amplifier operating between 
1570nm and 1620nm, significantly smaller values of the average inversion, such as aroimd 
0.4, are needed. Corresponding to a lower inversion, the maximum useable cross-sectional 
area of the inner cladding is at least 2.5 times larger than the case of a C-band amplifier. A 
double clad L-band amplifier pumped by a 1.76 W 980 nm laser diode module with the inner 
cladding cross-sectional area of 2100 )am^ has been demonstrated. However, the amplifier 
efficiency was only ~ 15%, owing to its circular inner cladding geometry and its small pump 
absorption. Smaller inner cladding sizes are advantageous for L-band as well as for C-band 
amplification, since higher levels of pump absorption can be allowed for the same average 
inversion. Hence, for an L-band Er-doped double clad amplifier pumped with a 2 W broad- 
area laser diode, reconmiended values for clad-to-core area ratio CCR are 10:1 to 50:1 and 
the cross-sectional area of the inner cladding should not exceed 2000 ixm^, 

[0082] If the Yb fiber laser provided by the active fiber 30 is pumped with a single 2 W 
broad-area laser diode 72 and the input pump power Pin=1600 mW is actually lavmched in the 
inner cladding 32, for efficient laser operation, the threshold power required for lasing should 
not exceed about a quarter of the input pimip power, or 400 mW. Taking Op = 6 dB, hv = 
2.16x10'^^ J (for a 920 nm pump), aap = 8.3x10'^* m^ x = 0.8 ms and Pth = 0.4W, the cladding 
area is Aciad = 890 ^un^ fi-om Equation (4). Hence, for a Yb doped 976 nm double clad fiber 
laser pumped with a 920 nm broad-area laser diode, the recommended values for clad-to-core 



-19- 



area ratio are 2:1 to 8:1 from Equation (1) and the cross-sectional area of the inner cladding 
should not exceed 900 \im^ from Equation (4) because the threshold should be decreased as 
much as possible. 

[0083] A double-clad fiber with such a small clad-to-core area ratio is realizable. For an 8 
|im diameter circular core within a preferred 10x30 |im elliptical inner cladding, the area 
ratio is equal to (5- 15/4^) « 4.7 which is less then the maximum taught ratio of 8 for Yb. 

[0084] The preferred design and dunensions of the double-clad active fiber 30, allows 
strong pump absorption while suppressing long wavelength ASE and allows a strong 
enough pump intensity to obtain 3-level operation. For example, the input side of a 3-level 
or a quasi-3-level double clad active fiber or brightness converter 30, for use as an 
amplifier or a laser, is irradiated with the pump signal 64 at wavelength p. The preferably- 
single-transverse-mode core 34, centrally located within the multimode inner cladding 32, 
is made from glass having a sufficient compositional difference from the inner cladding 32 
to provide the appropriate differences in refractive indexes. The core 34 does not have to 
be strictly single mode, a core on the border of being 2-moded still works. Preferably for 
high power lasing, the core 34 is doped with ytterbium (Yb^^), erbium (Er^^) or 
neodymium (Nd^"*^) ions, but other rare-earth elements 90 can be used. The double-clad 
active fiber 30 also includes an outer cladding 36 that is preferably made of a glass with a 
lower refractive index than the refractive index of the inner cladding 32 such that the NA^ad 
is greater than 0.3. An all-glass design allows these types of refractive indexes and the glass 
types include lanthanum aluminosilicate glasses, antimony germanates, sulfrdes, lead 
bismuth gallates, etc. A preferred material for the overclad is also a glass, for example, an 
alkali of boroaluminosilicate. 

[0085] No attempt has been made to accurately illustrate their relative diameters in the cross- 
sectional area representations of the active PZ fiber 30 in FIGS. 3, 6, 7, or 8. However, the 
area of the inner cladding 32 is preferably approximately less than twenty-five times larger 
than the area of the core 34. Also, it is possible to use air (n=l) as the outer cladding to 
provide a single-clad single polarization laser or amplifier. 
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[0086] The length of the active fiber 30 is relatively unimportant beyond its being very long 
compared to the wavelengths involved so that any higher-order modes are adequately 
attenuated over its length. In practice, this length is determined by the level of rare earth 
doping in the core and desired pimip absorption eflBciency. In some circumstances 1cm in 
length is more than adequate. 

[0087] The active PZ fiber 30 includes two mirrors 60, 62 defining the input and output ends 
respectively of the optical cavity 46 and to serve as end reflectors. The input mirror 60 is 
made highly transmissive to an optical pump signal 64 at the pump wavelength Xp and highly 
reflective at the signal (lasing) wavelength Xs of the output signal 66 while the output mirror 
62 is made partially reflective (partially transmissive) at the signal wavelength Xs and 
preferably also at least partially reflective at the pump wavelength Xp. For the active fiber 30 
used as a fiber laser, it is possible to use a cleaved output facet as the output mirror 62. Even 
its 4% reflectance across an air gap to a butt coupled output fiber 20 is sufficient to define the 
optical cavity. 

[0088] The single-mode fiber 20 is butt coupled to the output end of the core 34. If the 
brightness converter or fiber laser 30 is being used as a pump source for an EDFA or other 
doped optical amplifier, such as a Raman amplifier or fiber with Raman gain, the single- 
mode fiber 20 is the pump fiber for coupling the active pumping source to an amplifjdng 
fiber. Thereby, the pump signal 64 is efficiently admitted into the optical cavity 46 at the 
input mirror 60. The optical cavity 46 is defined between the mirrors 60, 62, and some of the 
standing wave in the optical cavity is allowed to pass through the output mirror 62. 

[0089] For the ytterbiimi fiber laser provided by the active fiber 30 for the three-level lasing 
example, the signal wavelength Xs equals 978 nm corresponding to the three-level Yb^^ 
transition. Although the invention, where it concerns fiber lasers, is developed in view of 
Yb^^ doping, it is not so limited. The fiber laser or brightness converter 30 may be doped 
with other transitional or rare-earth ions 90, such as Nd^^. A combination of Yb and Nd 
doping, either by co-doping or by a sequence of differently doped fibers allows pumping at 
SOOnm rather than 920mn. 

[0090] Instead of using a separate focusing element 70, the optical characteristics of the 
broad stripe laser 72 may be good enough to allow direct coupling into the multi-mode inner 



-21- 



cladding 32. However, if a focusing element 70 is needed, techniques have been developed 
that enable efficient coupling of pump power from broad-area laser diodes having typical 
emitting apertures with dimensions of 100X1 ^m^ and NA's of 0.1/0.55 in the slow and fast 
axes, respectively, into a fiber with a rectangular core cross section of 30X10 ^rni^ and 
effective numerical aperture of >0.42. The terms "slow" and "fast" refer to the planes that 
are "parallel" and "perpendicular," respectively, to the laser diode junction plane. In order to 
efficiently couple light fi-om the broad-area semiconductor laser 72 with emitter dimensions 
of 100X1 |im^ and NA's of 0.1/0.55 in the slow and fast axes (measured at 5% of the 
maximum far-field intensity points), respectively, coupling optics or other beam shapers 70 
can be designed to produce an image of the emitter near field with dimensions of 30X10 ^im^ 
and 5 % NA's of 0.35/0.12 in the slow and fast axes, respectively. 

[0091] Regardless of direct coupling or not, the pump signal may be provided by a laser 
diode 72, in the form of AlGaAs or InGaAs broad stripes, arrays, a diode bar emitting at a 
wavelength shorter than 976nm but within the ytterbiimi absorption band, or a multiplexed 
coupling of other fiber lasers or stacked diodes. The practical pump band extends from 850 
to 970nm with a more preferred range being 910-930nm and a most preferred range being 
915-920nm. The precise values of these bands and the lasing wavelength may shift by a few 
nanometers depending upon the dielectric host. 

[0092] In accordance with the teachings of the present invention, the input mirror 60 is a 
narrow band filter and preferably a Fiber Bragg grating (FBG) having a narrow bandwidth 
centered with a single polarization bandwidth (SPB) 48 of FIG. 6 of the PZ active fiber 30. 
To use the bandwidth lunitation (for example via FBG's) of the input mirror 60 to achieve 
single-polarization oscillation or lasing in a double-clad fiber laser, a PZ fiber 30 with 
moderate birefiingence (10"^ to 10"^) is preferred. A fiber oscillator of the right length, as is 
known, and with the right magnitude of birefiingence (and no or low dichroism) from stress 
induced or geometrically induced regions (such as asymmetrically depressed claddings) of 
the PZ fiber 30 is designed to have a wavelength-dependent output state of polarization xmder 
its gain bandwidth for the anisotropic fiber 30. With such suitable birefringence or dichroism 
regions, the resultant PZ fiber 30 with have a polarization dependent loss (PDL) which is 
sometimes called dichroism. The bandwidth limitation from the input mirror 60 is used to 
select a specific single-polarization of the PZ fiber 30. 
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[0093] This gain bandwidth limitation of the invention is particularly important for high 
power operation of single-polarization fiber lasers. Taking the dual-hole fiber design of FIG. 
2, for example, most rare-earth transitions have a gain bandwidth which is much broader than 
the single-polarization bandwidth achievable with core-deltas of 0.5 to 1%. One can readily 
increase the single-polarization bandwidth typically by reducing the core diameter or 
increasing the delta such as by increasing the doping level of the glass components, such as 
Germania (Ge), Phosphorous (P), Aluminum (Al), or Boron (B) to change the core NA, but 
this has the negative effect of reducing the effective area of the fundamental mode. For high 
power operation one seeks to have the largest effective area for the fundamental mode; one 
simple way to do this is by reducing the delta and increasing the core radius; however, 
reducing the delta will reduce also the single-polarization window, thus making it necessary 
to have a gain-bandwidth limitation that can be selected by a separate grating or other 
reflector. 

[0094] Referring back to FIG. 6, a similar plot of the output power spectrum So of a Nd- 
doped fiber laser with a SP fiber 30 having birefiingence in the range of 10"^ to 10"^ and a 
length of about 6m is shown could be easily substituted for the Yb-doped fiber shown as gain 
bandwidth 650. With either type of rare-earth dopant, a higher gain position for aligning the 
single polarization bandwidth 48 with the fiber laser's bandwidth 650 can be selected by a 
fiber Bragg grating embodiment of the input mirror 60 for the high-power fiber laser of FIG. 
1 and is described with respect to the output power spectrum, transmission, or spectral 
intensity of the grating 60. The narrow band filter (F) of the grating 60 of FIG. 1 has a 
bandwidth (FWHM) less than the gain bandwidth (FWHM) 650 of the fiber laser and the 
single-polarization bandwidth 48. For a Nd or Yb fiber laser, an optimimi filter bandwidth is 
in the range fi-om 1-30 nm. A key parameter for obtaining a continuous wave is a generated 
spectral bandwidth 650 of the output signal fi-om a laser or amplifier of FIG. 1, which is 
larger than the intra-cavity filter bandwidth (F). The generation of high power signals is not 
limited to Fabry-Perot cavities as shown in FIG. 1, but any waveguide laser cavity design 
with an intra-cavity waveguide and a narrow bandpass filter can be implemented. In fact, the 
grating 60 need not be narrow-band and can be a bandpass filter 60' as in FIG. 12 or be any 
other suitable reflector. 



-23- 



[0095] As one example of the SP fiber 30, a first embodiment of the single polarization 
optical waveguide fiber 30 has a cross-sectional structure, as best shown in FIGS. 2-5. The 
same configuration exists for the single polarization fiber 30' in FIG, 12, except that the core 
is not doped with an active ion. In the illustrated embodiment, the actively doped optical 
waveguide PZ fiber 20 includes the center core 34 extending along the longitudinal axis of 
the fiber and having a maximum dimension, A, and a minimum dimension, B. The cross- 
sectional shape of the center core 34 is elongated, and is preferably generally elliptical. 
Preferably, the elongation would be controlled during fiber processing (draw or redraw) such 
that the drawn fiber 30 exhibits a first aspect ratio, ARl, defined as A/B, of greater than 1.5; 
preferably between about 1 .5 and 8; more preferably between 2 and 5. 

[0096] Central core 34 is preferably manufactured fi-om germania-doped silica, wherein 
germania is provided in a sufficient amount such that the core exhibits a core delta %, Al, as 
shown in FIGS. 3-4, of between about 0.5 % and 2.5 %; more preferably between about 0.9 
% and 1.3 %; and in one embodiment about 1.1%. An average diameter, d avg = {A+B} / 2, 
of the center core 34 is preferably between about 3 and 12 microns; more preferably between 
4 and 10 microns. 

[0097] It has been discovered that by raising the core deltas %, Al, the single polarization 
bandwidth 48 (See FIG. 6) can be shifted to longer wavelengths. Conversely, making the 
diameter of the holes of the dichroism regions 24, 26 smaller, which serve as PDL 
differentiators, various fiber parameters can be optimized with the smaller holes to lower the 
single polarization bandwidth 48 to shorter wavelengths. The single polarization bandwidth 
48 is located between the cutoff wavelength of the first polarization 45 and the cutoff 
wavelength of the second polarization 50. Within this wavelength band 48, true single 
polarization, that is, there is one, and only one, polarization provided. The single polarization 
bandwidth 48 is measured herein 3 dB down firom the linear region 49 of the plot as best 
illustrated in FIG. 6. 

[0098] Referring to FIG. 6, as one example, the single polarization bandwidth (SPB) 48 
extends between about 1,057 nm and 1,082 nm thereby providing a bandwidth of single 
polarization of about 25 nm. However, it should be recognized that this range is exemplary 
and that other wavelength bands for the PZ fiber may be provided. The width of the single 
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polarization region (SPB) may be increased by increasing the core delta and reducing the 
average core diameter. Likewise, the position of the SPB may be adjusted as described 
above. Further adjustments may be made to the single polarization fiber to adjust the relative 
position or width of the SPB 48 (See Table 1 below). 

[0099] Table 1 below illustrates, based upon modeled calculations, the sensitivity of the 
cutoff wavelength, XI, of the first polarization, cutoff wavelength, XI, of the second 
polarization, and single polarization wavelength band width, AX, of the single polarization 
fiber to various changes in hole diameter (d); changes in core delta %, Al; changes first 
aspect ratio, ARl; and changes in the d avg of the central core 34. 



Table 1 - Sensitivity Modeling 



Example # 


d(nm) 


Al (%) 


ARl 


d avg 
(Hm) 


XI (nm) 


Xl (nm) 


AA. (nm) 


1 


1 


1.0 


1.5 


4 


1608 


1577 


31 


2 


5 


1.0 


1.5 


4 


1436 


1378 


58 


3 


10 


1.0 


1.5 


4 


1358 


1298 


59 


4 


15 


1.0 


1.5 


4 


1328 


1267 


61 


5 


5 


1.0 


3 


5.6 


1462 


1407 


55 


6 


10 


1.0 


3 


5.6 


1344 


1278 


66 


7 


15 


1.0 


3 


5.6 


1316 


1246 


69 


8 


5 


1.0 


5 


7.2 


1262 


1210 


52 


9 


10 


1.0 


5 


7.2 


1162 


1103 


59 


10 


15 


1.0 


5 


7.2 


1119 


1057 


62 


11 


5 


1.0 


8 


10.8 


1265 


1208 


57 


12 


10 


1.0 


8 


10.8 


1127 


1064 


63 


13 


15 


1.0 


8 


10.8 


1122 


1057 


65 


14 


5 


0.5 


3 


8.15 


1582 


1549 


33 


15 


5 


1.0 


3 


6 


1597 


1541 


56 


16 


5 


1.5 


3 


5 


1613 


1533 


80 


17 


5 


2 


3 


4.32 


1624 


1523 


101 


18 


5 


2.5 


3 


3.8 


1617 


1496 


121 
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[00100] The above example 1-18 illustrates the sensitivity of the PZ fiber 30 to various 
structural parameter changes. In particular, it can be seen in Examples 1-4 that by changing 
the hole diameter firom 1 to 15 microns, the single polarization wavelength band may be 
driven to shorter wavelengths. Examples 14-18 dramatically illustrates how the core delta. 
Al. may be used to broaden the width of the single polarization band. The remaining 
examples show how the average core diameter, d avg, and aspect ratio, ARl, may be used to 
influence the single polarization bandwidth and the relative location of that band. 

[00101] The fiber parameters discussed so far are not the only possible design of the fiber. 
A passive single-polarization fiber has several design parameters such as the ellipticity of the 
core, the dimensions of the core, the core delta, the size of the adjacent holes for optimization 
for different applications. One can design these fiber parameters to achieve differential cut- 
off wavelengths for desired values. The single-polarization window is the wavelength range 
between these cut-off wavelengths and hence can also be changed depending on the various 
fiber parameters. For the appUcation of the active single polarization fiber 30, two 
applications predominate. 

[00102] Firstly, for a single-polarization amplifier, the fiber design parameters are designed 
such that wavelengths to be amplified fall within the single-polarization wavelength region of 
the single-polarization fiber. If the wavelength to be amplified is larger than both cut-off 
wavelengths (i.e. if it falls out and above the single-polarization window), there will of coiu-se 
be no amplification as both polarizations are not transmitted. If the wavelength is lower than 
both cut-off wavelengths, then both polarizations will be amplified and there will not be a 
single-polarization fimctionality. As an example, one could have a single-polarization Er- 
doped fiber amplifier (SP-EDFA) where the elUptical core of the SP fiber would be doped 
with the active dopant 90 being erbium (Er). 

[00103] Secondly, for a single-polarization oscillator (laser), one needs to design the fiber 
parameters such that the gain bandwidth coincides or is narrower than the single-polarization 
window. If this is not the case, one needs to implement wavelength-selective feedback firom 
the input mirror 60, for example by a fiber Bragg grating with high reflectivity at a Bragg 
wavelength that falls within the single-polarization window, to make sure that feedback is 
higher for wavelengths where single-polarization will take place. 
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[00104] For Yb fiber lasers, gain occurs from 1020 to llOOnm, so the single-polarization 
(SP) fiber 30 must be designed with a single-polarization window in this range. If the gain is 
much broader than the SP window 48, a grating 60 having a high reflectivity can be used 
(although any other wavelength selective filter can also be used) to restrict the gain and 
provide feedback only over a narrow wavelength region that falls within the SP window 48. 
High reflectivity in the input mirror 60, preferably a grating, is desired to get enough power 
from one side of any high gain fiber laser. The other fiber parameters that are preferred are 
that the core 34 has an elliptical shape to provide a large modal area having a core index delta 
about 0.15% to provide a numerical aperture about 0.8. 

[00105] Referring back to FIG. 2, the center core 34 is preferably surroimded by an annular 
region 12 having a different composition than the center core; preferably being of a refractive 
index less than the core and sometimes called a depressed cladding. Accordingly, the annular 
depressed cladding region 12 is preferably down-doped relative to pure silica, and is therefore 
most preferably manufactured from fluorine-doped silica. Annular depressed cladding region 
12 preferably exhibits a delta %, A2, as shown in FIG. 4 of between about -0.0% and -0.7 %; 
more preferably between about -0.2 % and -0.6 %; and most preferably about -0.4%. 
Generally, the glass in the annular depressed cladding region 12 is doped such that it is more 
viscous at draw temperatures than is the center core 34. The annular depressed cladding 
region 12 may also have a generally oval shape as illustrated by core/clad interface 22 of 
FIG, 2 or, more preferably, a generally circular shape as illustrated by dotted line 38. 

[00106] In an embodiment having a circular shape, the annular depressed cladding region 
12 preferably has an outer diameter, D, of between about 10 to 25 microns; more preferably 
between about 13-19 microns; and in one embodiment about 16.5 microns. Optionally, the 
annular depressed cladding region 12 may have a generally elongated shape, such as 
elliptical. In this case, the average dimension D avg = {A' + B'}/2 is about twice that of the 
central core 34, for example, between about 6 to 16 microns, and the second aspect ratio, 
AR2, defined as A'/B', is between about 1.5 and 8. 

[00107] In addition to the elliptical central core, at least one air hole is formed on opposite 
sides of the core 34. The holes 24, 26 are preferably formed, at least in a part, in the annular 
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depressed cladding region 12 of the fiber 30. The holes 24, 26 are preferably air or vacuum 
filled holes and extend along the entire longitudinal length of the fiber 30, and are preferably 
of substantially constant dimension along the fiber length. The holes 24, 26 are preferably 
positioned on diametrically opposite sides of the center core 34 and may be entirely or only 
partially formed in the annular region 12. For example, the holes 24, 26 may be entirely 
included within aimular depressed cladding region 12 or the holes 24, 26 may partially extend 
into an outer cladding 36 as shown in fiber 30 of FIG. 7. The holes are positioned adjacent 
to, and aligned with, the minimum dimension B of the center core 34 and in very close 
proximity thereto (for example, having a hole edge located within 3 microns fi-om the center 
core 34). Regarding the alignment, the air holes are positioned such that a line 28 (FIG. 5) 
passing through the center of the holes 24, 26 is substantially aligned with the minimum 
dimension (B). The holes are preferably circular, but may optionally be of other shapes and 
may be of equal or non-equal size, and preferably have a maximum dimension, such as 
diameter d (FIG. 5) of between about 1 to 15 microns; more preferably between about 5 and 
1 1 microns. Although only one hole is shown on each side, multiple holes along each side 
may also work to cause the elliptical shape and provide single polarization within an 
operating wavelength band. 

[00108] The outer cladding 36 preferably surrounds, and is in contact with, the annular 
depressed cladding region 12. The outer cladding 36 preferably has a conventional outer 
diameter of about 125 microns and has a composition of preferably substantially pure silica. 
Optionally, outer cladding 36 may include other suitable dopants, such as fluorine, and the 
outer diameter may be reduced, if size constraints so dictate. 

[00109] General representations of the relative refi-active index profiles of the single 
polarization fiber 30 are illustrated in FIGS. 3 and 4 along the X-X and Y-Y axes, 
respectively. The plots show relative refi-active index percent (Delta %) charted versus the 
fiber radius (in microns) and distinctly illustrates the PDL differences in the profiles along 
both such axes. In particular, the plots illustrate the maximum relative refractive index of the 
central core 34, Al, the relative refractive index of the hole 26 (shown truncated - because of 
its depth), and the maximum relative refractive index of the annular depressed cladding 
segment 12, A2. The relative refractive index of air is about nair = 1.0, as such, the Delta % is 
very negative (estimated about - 54%). The dotted portion 38 of the profile reflects a fiber 30 
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wherein the portion 32 has a round shape (illustrated by dotted line 38 - See FIG. 2). Thus, it 
should be readily recognized that the refractive index profiles along each axis are very 
different. It is preferred that the length of the fiber 30 is designed to be in a range about 10 
centimeters to 1 meter and the sufficient differential polarization dependent loss (PDL) is 
greater than 70dB over the single polarization wavelength range. 

[00110] Referring to FIG. 7, another embodiment of the single polarization fiber 30 is 
shown. The fiber 30 includes an elliptically-shaped central core 34, circular cross section air 
holes 24, 26 positioned on either side of the central core alongside the short dimension of the 
elliptical core, an annular depressed cladding region 12, and an outer cladding region 36. In 
this embodiment, the holes 24, 26 are formed partially in the annular depressed cladding 
region 12 and partially in the outer cladding 36. The annular depressed cladding region 12 is 
fluorine-doped sufficiently to provide a delta % of about -0,4%. Outer cladding 36 is 
manufactured from preferably pure silica. The ranges for d (diameter of the holes), 
maximum and minimum dimensions, A and B, and diameter of the annular region, D, given 
above are equally suitable for this embodiment. 

[00111] Referring to FIG. 8, still another embodiment of the single polarization fiber 30 is 
shown. In this embodiment, the fiber 30 includes elliptically-shaped central core 34, circular 
air holes 24, 26 positioned on either side of the central core alongside the short dimension of 
the elliptical core, and a cladding region 22. In this embodiment, the holes 24, 26 are formed 
in an annular region 12, but the annular region is manufactured from the same material as the 
cladding 22, which is preferably pure silica. The dotted line 38 indicates an interface 
between the core and cladding regions which is positioned at a radius larger than the 
outermost portion of the holes 24, 26. In this embodiment of fiber 30, the core delta, Al%, is 
preferably about 1.6% for a single clad version of a single polarization fiber laser or 
amplifier. Even though shown circular, as with the other embodiments, the inner cladding 22 
can be elliptically shaped or rectangularly sh^ed with a 200 x 400 square micron rectangular 
cross section having an NA of 0.3. Moreover, an optional dual clad version of the single 
polarization fiber laser or amplifier can be implemented with an additional optional outer 
cladding 36. 
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[00112] The single polarization fiber 30 according to embodiments of the present invention 
each exhibit optical properties enabling single polarization (transmission of one, and only 
one, polarization mode) within the designed SPB 48 (See FIG. 6). Preferably, the SPB 48 of 
the single polarization fiber 30 according to the invention is designed to be located between 
about 800 - 1600 nm. Most preferably, the fiber's SPB 48 will be designed such that it 
coincides with 980, 1060, 1080, 1310 or 1550 nm such that it is readily useable with optical 
components operating at 980, 1060, 1080, 1310 or 1550 nm. In particular, according to the 
teachings of the present invention, it is preferred that the center wavelength of the SPB 
substantially coincides (within about H-/-20 nm) with the center wavelength of the operating 
wavelength of the fiber laser or amplifier, as selected or tuned by the input mirror or grating 
60 of FIG. 1. Further, the PZ fiber 30 in accordance with the invention preferably exhibit an 
extinction ratio at 978 nm of equal to or greater than 15 dB; and more preferably equal to or 
greater than 20 dB within the SPB 48. 



Experimental Example 1 
[00113] A first representative single polarization fiber 30 according to the invention was 
manufactured having the cross-sectional stmcture shown in FIG. 7. The fiber 30 has a central 
core 34 having an average diameter, d avg, of about 5.33 microns, a maximum dimension. A, 
of about 7.75 microns, a minimum dimension, B, of about 2.9 microns - resulting in a first 
aspect ratio A/B equal to about 2.7, a central core delta, Al, of 1.1 %, and an alpha profile 
having an a of about 2. The holes 24, 26 were partially included in the annular region 12 and 
partially included in the cladding 22. Holes 24, 26 had an average diameter of about 8.3 
microns. The annular region 12 was fluorine-doped thereby being depressed relative to the 
pure siUca cladding 22. The relative refi-active index, A2, of the annular region 12 was -0.4% 
and the outer diameter D of the annular region 12 was about 16 microns. The holes 24, 26, in 
this embodiment, substantially abutted the sides of the central core 34. The single 
polarization fiber 30, for example, was tested and exhibited an extinction ratio, ER, of about 
38.6 dB over a length of 1.51m at a wavelength of 978 nm. The ER was about 15 in the SPB 
48. The fiber's beat length was foimd to be 4.21 mm. Attenuation was measured to be 0.027 
dB/m at 978 nm on a length of 1 .45 m. 



-30- 



Experimental Example 2 and 3 
[00114] Other portions of the same fiber along the length thereof (and spaced fi-om the 
length of Exp. Ex. 1) were also tested in Exp. Ex. 2 and 3 giving slightly different 
performance results. It was determined by the inventors that this variation in properties along 
the length of the fiber was due predominantly to process control variations in the prototype 
fiber which in a production fiber would be in much better control. 

Experimental Example 4 
[00115] A further experimental sample is shown in Table 2 as Exp. Ex. 4. Li this example, 
the core delta, Al, was 2.0% and A2, was -0.4%. Li this example, the Aspect Ratio, ARl, 
was about 3.2 having an average core diameter, d avg, of about 4 microns ({A+B}/2). 
Average hole diameters and other fiber parameters were similar to example 1. As is 
demonstrated by this example, raising the relative refiractive index of the central core to 2.0% 
has increased the Single Polarization (SP) bandwidth to 42 nm as compared to 1 . 1%. 

[00116] The optical properties of the single polarization fiber described above and additional 
experimental fibers are given in Table 2. 



[00117] Table 2 -Optical Properties For Experimental Example Fibers 



Example # 


Exp. Ex. 1 


Exp. Ex. 2 


Exp. Ex. 3 


Exp. Ex. 4 


Extinction Ratio ER (dB) 
in tlie SPB 


15 


22 


20 


>15 


Beat Length Lb (mm) 


4.21 


3.89 


2.79 


1.11 


Attenuation (dB/m) 


0.027 






1.76 


PI Cutoff XI (nm) 


1157 


1147 


1164 


972 


P2 Cutoff A,2(nm) 


1183 


1175 


1097 


1014 


SP Band Bandwidtli (nm) 


26 


28 


33 


42 



[00118] Referring to FIG. 6, a plot illustrating the Single Polarization Bandwidth (SPB) 48 
for the Experimental Example 1 fiber of FIG. 7 is shown by showing traces of transmission 
power (dB) versus wavelength (run) for the different polarization modes 45, 50 of the fiber 
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30. In particular, first 45 and second 50 polarizations were measured and plotted as a 
function of wavelength. 

[00119] The extinction ratio at 978 nm was generated by passing a light signal firom a 978 
nm single wavelength pump laser with a bandwidth of 0.5 nm through a short length of the 
fiber and then measuring the transmitted power at a wavelength of 978 nm. Likewise, the ER 
may be measure in the same way within the SPB. The transmission power was measured 
along the two polarizations at the fiber's output end, while at the input end, a polarizer is 
aligned with each one of the birefiingent axes, in tum. The extinction ratio, ER, was 
determined by using the equation: 
ER= 101ogpl/p2 

where 

p2 is the power in the second polarization, and 
pi is the power in the first polarization. 

[00120] Beat length Lb was also measured using a wavelength scanning technique by 
determining the modulation period, AX, in the source's spectrum and the fiber's length L. 
Two polarizers were inserted before and after the fiber. The beat length Lb (mm) is 
calculated according to the equation: 
Lb = {AX L} / X 

where X is the center wavelength (nm) of the source. Li this measurement, a broadband ASE 
source is employed and the modulation period is obtained by performing a Fourier transform. 
The wavelength of the ASE source was 940-1020 nm and the center wavelength was 980 nm. 
The measured beat length was 4.21 nrni. 

[00121] Likewise, the cutoff wavelength of the first polarization, XI, cutoff wavelength of 
the second polarization, X2, and Single Polarization Bandwidth (difference between the cutoff 
wavelengths of the two polarization modes) are determined. For each measurement a non- 
polarized white light source is used which has a flat spectrum fi-om 300-2000 nm. A 
polarizer is then inserted at the light launching end and set to the two polarization axes 
determined fi-om the measurement of the extinction ratio to perform the cutoff testing for 
each polarization. 
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[00122] The attenuation of the single polarization fiber is measured by measuring the power 
pi on a first length (approx. 3 m) of fiber and then cutting the fiber into a shorter length 
(approx. 1 m) and measuring the power p2. The attenuation is then calculated as: 

Attn = [10 log pi - 10 log p2] / L 
where L is the length removed. The attenuation is measured at 978 nm. 

[00123] Referring to FIG. 9, one system 40 employing the single polarization fiber 30 
according to the embodiments of the single polarization fiber described herein is illustrated. 
The system 40 includes an optical device 42, such as a laser, gyroscope, sensor, modulator, 
beam splitter, polarization multiplexer, or the like having the fiber 30 in accordance with the 
invention included therein or attached thereto. The fiber 30 and the optical component 42 
may be included in a fiirther housing 44 and comprise subcomponents therein. 

[00124] Referring to FIG. 10, a system 140 wherein the fiber 30 in accordance with 
embodiments of the invention is attached between optical components 42a, 42b and wherein 
the fiber and the optical components are optionally contained within a housing 44 is 
illustrated. 

[00125] Referring to FIG. 11, a system 240 wherein the fiber 30 in accordance with 
embodiments of the invention is attached to an optical component 42 and wherein the fiber is 
optically coupled to another type of fiber 20, as exemplified by FIG. 2. It would be 
appreciated that the splicing of the SP fiber 30 and another type of fiber 20 can be in any 
sequence with various combinations of FIGS. 9-1 1, as illustrated in FIG. 13. 

[00126] Referring to FIG. 12, an un-polarized pump 72 optically pumps a Yb-doped 
polarization maintaining (PM) gain fiber 20 that is fiision-sphced to a passive single 
polarization (SP) fiber 30 to provide a linearly single polarized ytterbium-doped fiber laser. 
For a double-clad implementation, the pump 72 pumps a laser cavity 46 that includes the 
birefiingent ytterbium-doped fiber 20 having an elliptical core that is fiision spliced to a 
passive (imdoped) single-polarization fiber 30'. The resultant linearly polarized ytterbium- 
doped fiber laser fi-om optically pimiping of the linearly birefiingent and linearly dichroic 
fiber formed fi-om the doped fiber section 20 and the undoped SP fiber section 30' exhibited a 
polarization extinction ratio greater than 30 dB in this exemplary implementation. 
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[00127] A linearly polarized ytterbium-doped fiber laser can thus result fi-om just optically 
pumping of the linearly birefiingent and linearly dichroic fiber formed fi-om the doped fiber 
section 20 and the undoped SP fiber section 30' in a forward pumping direction as in FIG. 1 . 
However, to illustrate that a backward reflection is also possible, additional elements are 
added in FIG. 12. A 500m polarization maintaining PM fiber section 20' is a PANDA fiber, 
commercially available fi-om Coming Incorporated, that does not contain ytterbiirai doping. 
Single polarization operation is introduced through the introduction of a polarizing 
beamsplitter 132 and a lambda/2 waveplate 134 in front of the laser cavity 46. The cavity 46 
which includes the polarization maintaining gain fiber 20 and the single-polarization fiber 30 
was pumped with unpolarized light from the unpolarized pxunping source or pump laser 72. 
An extinction ratio in excess of 1000:1 was measured. 

[00128] The gain fiber 20 was doped with 6000 ppm weight ytterbium. The birefiingence 
was derived from an elliptical core of dimensions 7.9jun x 3.5|xm. This birefiingence 
corresponded to a group polarization beatlength of 7 mm at 1 |xm. The pump laser 72 was a 
high power (500 mW) single-stripe laser diode operating at about 974.5 nm (available at the 
time from Coming-Lasertron). The pump light was depolarized by laimching at 45 degrees to 
the polarization axes of the 500-m-long polarization maintaining fiber (Coming PM980) 20' 
via the beam splitter 132 and the waveplate 134. The resvdtant degree of polarization of the 
pump was less than 1%. 

[00129] The undoped single polarization fiber 30' possessed a polarization-dependent 
propagation cutoff wavelength for the fimdamental transverse mode. Through this 
differential cutoff, there was a wavelength range (similar to bandwidth 48 in FIG. 6) for 
which only a single polarization propagated. 

[00130] The laser cavity 46 was constructed by fiision spUcing the 10-m-long section of the 
Yb-doped elliptical core fiber 20 to the undoped single polarization fiber 30'. The 
polarization eigenaxes of these two fibers were aligned in a splicer 17 (Fujikura 40-PM) for 
polarization-maintaining fiber. A transmission null was detected by rotating the elliptical core 
fiber 20 and the single polarization fiber 30 at the junction and an analyzer polarizer 126 at 
the output. The splice loss between the elliptical core fiber 20 and the undoped single 
polarization fiber 30' was estimated to be less than 1 dB. 
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[00131] To assure the operating wavelength of the fiber laser was within the single 
polarization bandwidth 48 of the single polarization fiber 30% a bulk 1080-nm bandpass filter 
60' was placed in the cavity 46. The Fabry-Perot fiber cavity 46 was bounded by a gold- 
coated high reflector 60 (R>99.9\%) on one end and the 3.5% Fresnel reflection of the fiber 
facet-air interface 62 on the other end. Lenses 138 are transparent and used to couple light 
into and out of the such formed linearly birefiingent and linearly dichroic fiber 20 and 30*. 
The only reflections are due to the gold mirror 60 at one end and the fiberrair interface 62 at 
the pump input end. 

[001321 The laser output 66 was taken at the pump end of the fiber laser by placing a 
microscope cover slide 136 obliquely in the pump/signal path. Care was taken to orient the 
slide 136 far away firom Brewster's angle to avoid spurious polarization effects. 

[00133] The laser produced an output power of 50 mW at a launched power of 
about 150 mW. The cavity was not optimized to obtain the highest output power. The single 
polarization fiber was cut back to determine the shortest length required to produce a high 
degree of linearly polarized output. 

[00134] Referring to FIG. 13, the polarization extinction ratio as a Amotion of the length of 
the single polarization fiber 30 is shown. For example, an extinction ratio of 30 dB was 
obtained using a 5-m length of single polarization fiber 30. The output spectra for each 
orthogonally polarized axis are shown in FIG. 14 for the resultant fiber laser. 

[00135] Referring to FIG. 15, the single polarization fiber 30 exhibited a polarization 
dependent cutoff wavelength. The cutoff wavelength for each polarization eigenmode as a 
function of fiber length is illustrated in FIG. 16. For a given length, the polarizing wavelength 
band of this fiber is described by the difference between the two curves (Cutoffl and 
CutoffZ) in FIG. 16 or 15. For example, for a two-meter-long fiber, only a single polarization 
will propagate in this fiber 30 in the wavelength range 1070-1117 nm as the single 
polarization bandwidth 48 similar to FIG. 6. Hence, it can be seen fi-om FIG. 14, that the 
gain bandwidth of the laser of about 1070 -1071 nm overlaps with an edge of the single 
polarization wavelength range of 1070-1117 nm at about the bandpass filter selected 
wavelength of about 1070nm. 
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[00136] To investigate the effect of the single polarization fiber 30' as a function of length, 
the laser was chosen to operate at 1070 nm, the short wavelength edge of the single 
polarization passband 48. This 1070 nm wavelength was attained by rotating the angle of 
incidence of the 1080-nm band pass filter with respect to the propagating intravcavity beam. 
From FIG. 15, the length dependence of the polarization dependent loss is greater here than at 
the center of the single polarization window 48. An extinction ratio greater than 20 dB was 
attained with a single polarization fiber 30' length as short as 1 m as shown in FIG. 13. 

[00137] Hence, a linearly polarized fiber laser can be implemented through the use of an 
undoped single polarization fiber 30' added to a doped elliptical core fiber section 20. A 
degree of linear polarization in excess of 1000:1 was measured. This fiber laser can be 
further optimized through the use of fiber gratings to provide more refine wavelength 
selective feedback to align the gain bandwidth to overlap with the single polarization 
wavelength range at a different location. 

[00138] It will be apparent to those skilled in the art that variations and modifications can 
be made to the present invention without departing fi"om the scope of the invention. Thus, it 
is intended that the present invention cover the modifications and variations of this invention 
provided they come within the scope of the appended claims and their equivalents. 
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